Attention rapidly moved to silicon detectors following this earlier work, largely because silicon, having a considerably larger band-gap than germanium, offered the prospect of good performance at room temperature. Silicon surface barrier detectors and, somewhat later, diffused junction detectors, both used at room temperature, therefore became the first types of semiconductor detectors used in nuclear spectroscopy and they rapidly proved their value as detectors of short-range particles. At this point, a little must be said about the limitations of these detectors -later in the course, the details will be filled in.
Nuclear Spectroscopy is largely a study of the energy levels in the nucleus and the most profitable tool for the study of these levels is to observe the radiation emitted when transistions occur between allowed levels. This radiation, in general, is in the form of gamma rays, so detectors of gamma rays are clearly the most powerful tool in such investigations. NaI scintillation detectors had become important because of this, but their rather poor energy resolution, which results in an inability to separate closely spaced levels, was a major limitation. Silicon is a very poor material for gamma ray detection, since the gamma ray efficiency varies roughly as Z5 (where Z is the atomic number of the absorber) and Z is only 14 for silicon. Germanium would be a better material (Z = 28), but it was some time before this potential was realized. The final detector development I want to discuss is the development of very pure germanium which makes possible thick germanium detectors without the need for lithium drifting. This work was initiated by R. N. Hall of General Electric in the early 1970's, and it is having a major impact at the present time.
Its value rests mainly on the fact that lithium is very mobile in germanium at room temperature.
Consequently, the processing and handling of lithiumdrifted germanium detectors is rendered quite difficult and multi-detector systems are hardly feasible. High-purity germanium avoids these problems, so detector arrays and telescopes of many detectors are feasible. Furthermore, with some reservations caused by potential surface contamination, high-purity germanium detectors can be cooled when required but warmed up to room temperature for storage. While this fact should be used with caution due to the potential problem of surface contamination, it does make possible the in-situ annealing of radiation damage which is a key factor in some very long-range particle telescope applications.
In this rapid review, I have not discussed materials other than silicon and germanium. Part of the course will deal with this topic, but its impact on the field is only small at the present time and the prospects for any major impact are not good.
Before closing this historical review, I should perhaps draw your attention to the fact that the nuclear research aspects of the use of detectors have become less predominant in recent years. Partly, this is because x-ray fluorescence analysis, environmental survey work and space applications have all become important, but it is because there has been a real shift of interest in nuclear physics. Much of the interest in nuclear physics now centers on heavy ion physics and the particular characteristics of heavy ions have led to a resurgence of gas ionization detectors. Therefore, although semiconductor detectors still are used where their special advantages are important, they are not so dominant in nuclear sicience as they were for the decade 1965-1975. 
II. Physics of Detectors
The simple-minded approach to semiconductor detectors is to regard them as an analog of the gas ionization chamber. In a brief review like this, it is tempting to assume such a simple approach. However, to provide a real introduction to the remaining talks, a little more detail is necessary.
The first point to appreciate is that a much smaller amount of energy is required to release electrons (and thereby holes) in a semiconductor (or all solids) than in gases. Thus, on the average, only 3 eV (approximately) is required to produce a hole electron pair in germanium and 3.7 eV in silicon, while approximately 30 eV is required in gas. The relatively easy production of free holes and electrons in solids results from the close proximity of atoms which causes many electrons to exist at energy levels just below the conduction band. In gases, the atoms are isolated for practical purposes and electrons are relatively tightly bound. The important result is that a given amount of energy absorbed from incident radiation produces more free charges in the solid than in the gas and the statistical fluctuations become a smaller fraction of the total released charge. This is the basic reason for semiconductor detectors yielding better energy resolution than gas detectors, at least at higher energies. At low energies, the fact that the signal is 10 times larger means that electronic noise in the electronic preamplifier is effectively smaller in relation to the signal. Figure 1 shows diagrammatically the behavior of a junction in a semiconductor. We have shown a heavily doped n layer on top of a more lightly doped p layer. With no applied bias, as in Fig. 1(a) , a few free electrons diffuse across the junction into the p region and holes diffuse into the n region to produce the charge dipole layer shown in Fig. 1(b) . This charge distribution results in the potential distribution shown. Therefore, in equilibrium, a selfadjusting potential barrier is created. If reverse bias is now applied to the junction (i.e., positive to the n side as in Fig. 1 (c) , the effect is to drive free holes away from the junction on the p side and electrons away from it on the n side. The exposed donor (+) and the acceptor (-) charges which are fixed in the lattice, then produce the charge distribution shown, resulting in the field and potential distributions shown. A region is produced which is free of holes or electrons (to a first approximation) known as the depletion layer. However, a field exists in this region and pairs of holes and electrons produced by radiation are collected to produce a current in the external circuit -this is the basis of a semiconductor detector. Of course, any pairs of electrons and holes produced by thermal processes are also collected -this is the source of bulk leakage current.
The important point is that the leakage current is no longer that of a piece of the raw semiconductor. Instead, it is almost completely the small current caused by thermal generation of carriers in the depletion layer (although surface effects usually are dominant in practical devices). The simple explanation of this result is that the upper contact contains virtually no holes to be pushed downward by the electric field, while the lower contact contains almost no electrons to be dragged up. Therefore, the junction doping almost eliminates leakage for the reverse bias direction. A word should be added about totally depleted detectors -that is detectors where the depletion layer exhausts the entire thickness of the detector wafer and penetrates through to the back contact. Such detectors are used frequently as AE detectors (i.e., to sample the ionization in a portion of a particle's track) or sometimes as energy detectors (e.g., Li-drifted and high-purity detectors). They range in thickness from a few microns (Si AE detectors) to 1.5 cm (Ge detectors used in particle telescopes). From the discussion of the previous paragraph, it is clear that a AE or totally depleted detector must consist of two contacts oppositely (heavily) doped with a relatively lightly doped bulk region between, as shown in Fig. 2 . Such a detector is sometimes referred to as a p-i-n detector and the contacts are termed blocking contacts. The type of each contact must be such that the bulk electric field drives the contact majority carriers into the contact and away from the bulk. Thus, positive bias is applied to the n+ contact and negative to the p+ contact.
In this brief introduction, I can only devote a few words to the subject of surface problems, a factor that has occupied much of the time of detectormakers through the years. It is well known that the electrical behavior of the surface, where the lattice abruptly terminates, can be dominant in determining the leakage current of devices, but the other effects are not so well-known. Depending on the contaminants, surfaces can behave as lightly doped n-or p-type channels. Being lightly doped, they act as very poor junctions to the bulk and are therefore the source of poor leakage characteristics in many diodes. However, they may also produce electric field distortions in the bulk material. Figure 3(a) Fig. 3 Effect of surface channels A. Internal fields in a detector B. Effect on background extension of the n+ lithium contact, distorting the field so that charges produced by x-rays in the shaded regions are partially collected in the surface where they couple only slowly into the external circuit. This produces partial pulses causing a rather flat background below x-ray peaks in spectra, as shown in Fig. 3(b) . The background may constitute as much as 40 percent of the total counts in some x-ray detectors.
Analogous effects occur in germanium gamma-ray detectors where surface channels can cause loss of efficiency, and if the surface conditions change with time, drifts occur in efficiency. Surface channels also constitute an unknown and variable dead layer if charged particle enter through the side surface of a detector, so such a mode of operation should be used with great caution.
Incidentally, we use the guard-ring arrangement shown in Fig. 4 In view of these subtle effects in well-characterized and relatively simple materials, such as germanium and silicon, it is not surprising that the more complex 3-5 and 2-6 compound semiconductors present very difficult problems. Indeed, it is perhaps surprising that detectors (albeit not good spectrometers) have been made from several of these materials (e.g., GaAs, Hg2I, CdTe) . In practically all cases, serious trapping of one carrier occurs so the usefulness of the detectors is quite limited.
A final comment on materials must be registered.
High-purity germanium (electrically active impurity concentrations -101/cm3) is the purest material ever produced (-4 part in 1013). Despite this, its electrical behavior and detector performance are totally dominated by the minute concentration of impurities -both electrically active ones and others, such as oxygen which causes trapping.
IV. Signal Processing
The development of detectors has been accompanied by the development of low-noise electronics and signal processing techniques. These developments have played a big part in the applications of detectors. At the end of this course, we will give a brief review of the electronic parts of detector systems.
For the present, I would like to emphasize that the right type of electronics is an essential part of a good detector system and that the design of such electronics is not black magic, as so many physicists believe. It is a well understood subject and an intelligent detector user should be familiar with the salient features of the signal processing system.
